Introduction
It has been customary in past design studies [1] [2] to set limits to the maximum surface heat flux capability of a design on the basis of explicit or implicit peak temperature limits for the structural alloys used in plasma facing components, without any detailed consideration or analysis of damages due to creep, neutron or helium-induced embrittlement. A purpose of this paper is to show that such limits can be exceeded if detailed deformation or darnage analyses together with material properties data show that the maximum stresses and strains due to the expected loadings can meet the lifetime requirements for the design. A lithium-cooled v~adim . blanket with curved first wall is considered as an example [3] . It is shown that the maximum surface heat flux capability of the first wall depends not only on the properties of the first wall material but also on the details of the design and the structural design criteria used to set limits on stresses and strains. For the purposes of this paper, the ITER Structural Design Criteria (ISDC) [4] [5] is used as the structural design structural alloy.
A second purpose is to examine the criteria anda vanadium alloy isassumedto be the . conservativeness, or a lack thereof, of the usual practice in high temperature design codes, such as the ISDC and the ASME Code in which the primary stress @owables are based on the average wall temperature, and thermal stresses are ignored. Although such a procedure is justified for unirradiated materials and for cases where the temperature gradients are small, it has not been established that the same is true for the design of high-heat-flux first walls (high neutron wall loading) whose tensile and creep ductility may be severely reduced by neutron and He-induced embrittlement. In such cases, the temperature of the plasma facing side of the first wall can be well into a temperature regime where thermal creep and He-embrittlement are important, but a significant fraction of the wall may still be at temperatures where thermal creep and He-embrittlement are negligible.
A flat plate that is cooled on one side and subjected to a surface heat flux on the other is analyzed to illustrate the problems.
Since the high temperature section of ISDC has not been widely used by the fhsion design community in the past, its main rules are reviewed briefly. However, fatigue, creep-fatigue, and unstable brittle fracture from pre-existing flaws will not be considered here. It should be remembered that the low temperature design rules are also applicable at high temperature. It willb e assumed that the minimum operating temperature of the first wall will be sufficiently high ( 400°C for vanadium alloys) so that the rules of ISDC that address irradiation-induced losses of uniform elongation and ductility do not limit the surface heat flux capability. Note that satisfaction of the well known 3SMrule for low temperature ratcheting is not sufficient to prevent ratcheting at high temperatures.
Time-dependent allowable primary stress intensity (So .. >
St is a time and temperature-dependent allowable primary stress intensity defined as the least of the following:
(1) two thirds of the minimum stress corresponding to average creep rupture time t at temperature T, Fig. 2 . Note that if the creep ductility of the alloy is reduced to 1Yo,e.g., due to He-embrittlement, the value of St might be reduced Ilom those shown in Fig. 2. Fig. 2 also includes the variation of the time-independent primary stress allowable Sm with temperature.
Creep damage /imifs
To guard against creep damage, the following limits must be satisfied:
Pm s St(Tm, t) (la)
where t is the design lifetime, Tm is the section averaged temperature, Pm, PL and Pb are general primary membrane, local primary membrane and primary bending stress intensities, respectively, and Kt = (K+l )/2 where K is the bending shape factor. If the lifetime involves variable stress and temperature history, Eqs.1 a-b are replaced by limip on usage fraction sums.
Creep-ratcheting limit
The ISDC provides several alternative rules of varying degree of conservatism to guard against ratcheting at high temperatures, The rule that is the least conservative has been used in this paper and is described here. According to this rule, the following low-temperature ratcheting limit based on Bree diagram has to be satisfied first: intensity ranges and the yield stress Sy is evrduated at the average of the thickness-averaged temperatures at the " cold" &d" hot" end; of the cycle.
Next, the high temperature ratcheting limit should be satisfied by first calculating an effective core stress GCfor creep calculations as follows:
where SYL is the Sy value at the "low" temperature extreme of the cycle and Z is a creep stress parameter defined in terms of X and Y,
The total creep strain accumulated during the lifetime due to a stress 1.25cC should be less than min [l%, s~5] where ECis the minimum creep ductility d@ng the cycle. If the lifetime involves more than one types of cycles of stress and temperature, the criterion is satisfied by the use of usage fraction sums.
The variations of maximum allowable cyclic secondary (thermal) stress intensity range with steady primary stress intensity for V-4Cr-4Ti at various peak temperatures and for design lifetimes of 25,000 h and 80,000 h are shown in Figs. 3a and 3b, respectively. The plots assume a coolant (lithium) inlet temperature of 500°C and a film temperature drop of 50°C at the coolant-first wall intetiace (corresponds to a heat transfer coefficient of 40,000 W/m2/OC at a surface heat flti of 2 MW/m2).
High power density self-cooled lithium blanket
The cross-section of a design conllguration that is currently under consideration [3] is shown in Fig. 4 , The first wall is curved in order to maximize its toroidal span by increasing its capability to resist the coolant pressure. For the purpose of analysis, a unit poloidal thickness (generalized plane strain) of the blanket with a coolant pressure of 0.5 MPa is considered. The pressure exerted by the beryllium (Be) and titanium carbide (TiC) layers on the surrounding blanket structures is assumed to be 0.1 MPa. Detailed finite element analyses have shown that the maximum primary stress in the first wall is a strong fimction of the thickness, height h and toroidal span of the first wail, and the thicknesses of the side wall and the second wall. In order to keep the thermal stresses within acceptable limits, the first wall thickness is kept constant at 4 mm. This still leaves a number of geometrical parameters which, if necessary, can be chosen to optimize the surface heat flux capability of the design while at the same time satisfi the various design rules, After a number of trial analyses, the following parameters were chosen as the reference geometry for the blanket, ensuring that the low temperature and high temperature primary stress limits are satisfied:
First wall toroidal span = 0.4 m, first wall height h = 10 cm, first wall thickness = 4 mm, side wall thickness = 10 mm, and second wall thickness = 8 mm.
For the purpose of this paper, the surface heat flux on the first wall is treated as a variable while the temperature distribution in the rest of the blanket is held constant at a level given in ref 3.
3,7 Surface heat-flux induced stresses
The thermal stress in the first wall due to the surface heat flux is controlled by the generalized plane strain assumption of the modeI and is, therefore, relatively insensitive to all the blanket geometrical parameters except the first wall thickness (which is assumed to be fixed at 4 mm). However, because of the interplay between primary stress and secondary stress, the blanket geometry has a significant influence on the creep ratcheting lifetime of the first wall. The stiace heat flux capability and the lifetime numbers quoted here should be treated as approximate because calculations with Larson-Miller parameter plots that are derived from limited data are usually subject to large uncertainty.
Second wall thickness
The second wall thickness has a significant influence on the lifetime requirement of the first wall. Fig. 5 shows the allowable creep rupture time due to primary stresses and the allowable lifetime for satisfying creep ratcheting n.de as functions of the second wall thickness. Note that the creep ratcheting rule (steady primary plus cyclic secondary stresses) puts a more stringent requirement on the lifetime than the creep rupture rule (steady primary).
Coolant temperature
Because of the exponential dependence of creep rate on temperature, the coolant temperature has a significant influence on the f~st wall creep ratcheting lifetime. Fig. 6 shows that by decreasing the coolant temperature by 30"C, the creep ratcheting lifetime at a surface heat flux of 2 MW/m2 can be increased by a factor of >5.
Limits for high heat flux component
In most high temperature structural design criteri~the primary stress limits (e.g., Eqs 1 ab) are based on the average section temperature and are satisfied without any consideration of the thermal stresses. These assumptions are justified if the through-thickness temperature gradients are small and the material has sufllcient creep ductility to relax out the thermal stresses without incurring significant darnage. However, these assumptions may not always be valid for high heat flux components of advanced fision reactor blankets, The implications for high heat flux components are explored here with the example of a 6 mm thick flat plate under generalized plane strain deformation and subjected to a constant primary membrane stress of 50 MPa and a surface heat flux on one face and a fixed coolant side metal temperature on the other. Since steady state creep data for V-4Cr-4Ti were not available, calculations were performed using data for V-5Ti-2Cr as reported in [7] and shown in Fig. 7 . As before, the results, which are based on considerable extrapolation in the data using a Larson-Miller parameter, are~certain and should be used for qualitative discussions only. Fig. 8a shows the temperature distribution in a plate due to a surface heat flux of 2 MW/mz with the cold side held at 400°C. Fig. 8a also shows the initial stress distribution and the stress distribution after 1000 h. Note that the peak compressive stresses in the hot zone (> 650°C) of the plate are relaxed significantly at the expense of a slight reduction of the tensile stresses in the rest of the plate that is cooler. Fig. 8b shows similar quantities for a plate with the cold side held at 650°C and subjected to a surface heat flux of 1 MW/m2. Contrast the stress relaxation behaviors in the two cases. Significant relaxation of tensile stresses and little rektxation of compressive stresses occur in the latter case because of the difference in the magnitudes of the stresses in the two cases. Relaxation of the compressive stresses in the first case occurs vary rapidly -the peak compressive stress is halved in about 50 h, as shown in Fig. 9a . Further, the relaxation occurs with an accumulated compressive membrane creep strain of O. O1°/O(i.e., no creep damage). With increasing time, this creep rate will ultimately be reduced to zero and finally become tensile because the net primary force on the plate is tensile. In contrast, relaxation of the compressive stresses in the second case (Fig. 9b) occurs much more gradually and the accumulated membrane creep strain is tensiIe and rising (i.e., potentially damaging) from the very beginning.
In the above examples, although the two plates have the same primary membrane stress, they may require significantly different times to accumulate a membrane creep strain of l% (see Section 2.1). The difference will be magnified if the creep ductility of the material is reduced to <1Yo. In contrast, the ISDC or the ASME code implicitly assumes that secondary (thermal) stresses do not influence the time to accumulate 1°/0membrane creep strain because generally they average out to zero, which is a reasonable assumption provided thermal stresses are small and the material has sufficient creep ductility. Since creep rate varies nonlinearly with stress as well as temperature, a limit on average creep strain that is set using average temperature and average stress may give unconservative results for the case of high thermal stress with large temperature gradient, particularly if the material is embrittled. This is illustrated in Fig. 10 which shows plots of the allowable primary membrane stress required to accumulate 10/0 membrane creep strain in 1000 h at a given average temperature, including and excluding thermal stress. The solid lines in Fig. 10 represent the allowable stresses computed with the actual time-dependent stress (primary plus thermal) and temperature distribution in the plate, while the dashed lines denote the code primary membrane stress allowable calculated with average temperature and ignoring thermal stress. Note that if the coolant side temperature of the plate is low (< 500°C), the code procedure will yield unconservative values for the allowable stress. Qualitatively similar behavior should be expected from first wall designs that are more complicated than a simple plate.
Rules of the high temperature section of the ISDC are reviewed to show that creep deformation and rupture time data will be needed to develop the design curves for a bkmketifirst wall operating in the creep regime. If embrittlement due to helium and/or irradiation adversely affects the creep and tensile properties of the blanket material, the damaging effects can be accounted for by the current design rules after suitably modi~ing the time-independent and timedependent stress allowable of the code. However, to achieve this, mechanical properties data that include such embrittlement effects will be needed.
The maximum primary stress in the first wall of the high power density self-cooled lithium blanket is controlled by many of the geometrical parameters of the blanket, such as, first wall sp~first wall heighg first wall thickness, side wall thickness, and second wall thickness. In contrast, the maximum thermal stress in the first wall due to surface heat flux is relatively insensitive to the same parameters. However, because of the combined effect of primary and secondary stresses on creep ratcheting, the blanket geometrical parameters have a significant influence on the creep ratcheting lifetime of the blanket. Thus, by suitably choosing the key blanket geometrical parameters and the coolant temperature, the stiace heat flux capability ofthe bkmlcet can be optimized with a reasonably long creep ratcheting and creep rupture Itietime. Thus, the maximum surface heat flux capability is determined not only by the mechanical properties of the fnst wall material but also by the key design parameters of the blanket.
The usual procedure of determining time-dependent primary membrane stress allowable by using section-averaged temperature and ignoring contribution of thermal stress to creep deformation may, under certain conditions, lead to unconservative results. The contribution of thermal stress to creep deformation and damage maybe important for setting heat flux limit on frost wall materials that become embrittled during operation. Allowable cyclic secondary stress intensity range at various peak temperature of a VValleyfirst wall for given steady primary stress intensity for design lifetime of(a) 25,000 h and (b) 80,000 h. The temperature of the first wall at the coolant edge, with surface heat flux o~is 550"C and the temperature at the" cool" end of the cycle is assumed to be the same as the coolant inlet temperature (500"C).
Half of cross-section of high Variations of peak compressive stress and membrane creep strain with time in a 6"mrn thick first wall subjected to a primary membrane stress of 50 MPa and a surfhce heat flux of (a) 2 MW/m2 with a coolant side temperature of 400°C and (b) 1 MW/m2 with a coolant side temperature of 650°C. Fig. 10 Computed primary membrane stresses needed to accumulate 1% membrane creep strain in 1000 h in a 6 mm thick V-5Ti-2Cr plate with a temperature gradient (average thermal stress=O). Solid lines correspond to plates having temperatures varying between Tm~and Tmm (i.e., primary plus thermal stresses) while dashed lines correspond to plates with a uniform average temperature (i.e., primary stress without thermal stress),
